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Abstract 
In this article the energy analysis of the pneumatic system is implemented in the simulation model. Previous research has shown 
the comparison of methods for the investigation on the energetic behaviour of pneumatic drives and its practical application. 
Concerning the analysis of the methods for determination the energy efficiency, the presented model is based on exergy analysis. 
Exergy analysis is able to consider all energy losses as well as the influence of the temperature behaviour on the available useful 
pneumatic energy.  
Factors concerning the energy efficiency are discussed and described upon the thermodynamical processes at pneumatic drive. 
The paper represents the exergy model of each type of pneumatic components, e.g., pipe, pneumatic resistor and actuator. Each 
component differs through the determination of energy losses. The preliminary simulation analysis provides the information of 
the efficiency of certain component and offers the optimization of the system through the validation of system parameters.   
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The field of industrial automation requires the realization of complex handling and motion tasks. Besides electric 
drive solutions, pneumatic drives are being used to solve these tasks. Pneumatic drives distinguish themselves 
through a flexible and robust design and require only low investment and maintenance costs.  
However, compressed air is an expensive source of energy and in competition with the electric drives the energy 
costs of pneumatic drive systems is an increasingly important question [1]. There are several factors that have an 
influence on rise of energy consumption of pneumatic system, e.g., over dimensioning of drive as well as incorrectly 
implemented industrial conditions. To save the usable energy of compressed air, the rational validation of system 
parameters along with the use of possible energy saving measures should be done during the development phase. 
This information can be gained by analysing the energy efficiency of a whole system coupled with its certain parts. 
Hence, the energy analysis is possible due to simulation of processes of pneumatic system.  
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Three methods are known to describe the energy behaviour, energy consumption calculation, air power and 
exergy calculation. Considering the comparative analysis of these methods [2], the description of pneumatic system 
behaviour based on exergy analysis will be done. In this context system characteristics which influence the energy 
efficiency will be described. After that, a short description of exergy analysis will be provided and then implemented 
in simulation model. Finally, the potential use of exergy model of pneumatic drive will be discussed. 
 
Nomenclature 
ܿ݌  Specific isobare heat capacity           [J/kg∙K]   
ܸܿ  Specific isochore heat capacity         [J/kg∙K]   
ܧ݁ݔ  Exergy                                                [kW] 
ܧ݁ݔሶ  Exergy flow                                        [kW/s] 
k Thermal transmittance                      [W/m2∙K] 
S Surface area                                        [m2] 
ሶ݉  Mass flow                                           [kg/s] 
݌Ͳ Ambient pressure                                [bar] 
R Specific gas constant                          [J/kg∙K] 
Ͳܶ Ambient temperature                          [K] 
κ Isentropic coefficient                           - 
2. Physical effects 
In order to find reach a compromise between simulation and real results figures, the physical effects which have 
an influence on energy efficiency have to be determined. 
Pneumatic drive uses compressed air as a source of energy. It is an open thermodynamic system similar to gas 
turbines or compressors. In order to use the thermodynamic principles, observation points have to be established 
between the different components of the drive structure, as shown in Figure 1. 
Fig 1: Establishment of observation points drawing on the example of a cylinder drive. 
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Physically, the compressed air system is determined by three variables, temperature (T), pressure (p) and volume 
(V) which are thermodynamically connected to each other linked. 
 
 
/P V T const     (1) 
 
The value of these variables according to the ambient conditions determines an amount of specific energy, which 
is transported by a mass flow. Across the system boundaries there may be an exchange of heat and work with the 
ambience [3].   
The major part of the absorbed compressed air of the drive is required for the compression processes in the filling 
volumes, which represent the energy transfer. The Figure 2 illustrates the three effects that can cause the energy 
losses within pneumatic systems and therefore influence the demand on energy efficiency of pneumatic drives. 
These effects are pressure drops, leakages and heat transfer [4]. 
Fig. 2: Factors of influence concerning energy consumption of pneumatic drives 
 
Pneumatic drives consist of different components e.g. valves and throttles which are pneumatic resistors 
according to air stream. All components are connected by tubes with various geometric parameters. The air stream 
through a pneumatic resistor and tubes causes a pressure drop. This effect is occurred caused by friction and 
turbulence between air and walls and also leads to the heat transfer. Other effects which have an influence on 
inadvertent heat transfer are conduction, convection and radiation. In order case of standard pneumatic drive 
radiation factor is neglected. The temperature difference between compressed air and ambient is caused of by 
thermal conduction. Along with that a heat transfer from the air stream to the walls tends leads to the convection 
effect. Therefore, these factors have an influence on affect decrease of temperature, consequently, on energy 
efficiency of pneumatic system. 
A leakage mass flow to the ambience can occur within components and at connectors between different flow 
elements. The leakage rate mainly depends on the pressure level. The energy loss due to a leakage mass flow 
directly influences the energy consumption of a pneumatic drive.  
In spite of a typical application of pneumatic system in realization of handlings tasks, in most cases the energy 
efficiency of a drive is determined under assumption of a constant temperature. However, changes in temperature 
have an influence on energy consumption. This is represented by three different process conditions, isotherm, 
adiabatic and polytrophic. An influence effect of temperature changes was demonstrated experimentally in paper [1] 
where a reservoir has been filled using various materials, which represent different thermodynamic conditions.  
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The temperature of the air changes because of due to expansion and compression processes. The ideal gas law (1) 
shows that in case of the compression process the air warms up. The temperature equalization will be set up by a 
heat flow from the ambience. The amount of the heat flow depends on the heat transfer condition at the walls of the 
system.  
Figure 3: Changes in thermodynamic state within air reservoirs of different materials. 
 
Systems with adiabatic walls are insulated concerning heat, whereas isothermal systems show ideal heat transfer 
behaviour with the surrounding. During the compression process the temperature as well as theand pressure rises. In 
case of polytrophic and isothermal conditions a heat flow from the gas occurs is directed to the ambient, adiabatic 
behaviour occurs during first 5 seconds of the filling process, after that an additional heat flow is needed.  Over time 
the temperature falls again as well as the pressure. Since the filling volume is normally connected to a constant 
pressure source, additional mass flow is needed to hold the pressure level.  
Figure 3 shows the pressure and the temperature within the reservoirs and the absorbed volume rate flow during 
the filling process under different thermodynamic conditions. The absorbed mass flow after completing the filling 
process differs from reservoir B which represents the isothermal system behaviour to C under polytrophic system 
conditions by about 8%. This difference points out that the temperature behaviour influence on the energy 
consumption and therefore should therefore not be neglected.  
The energy efficiency of the pneumatic drive can be described via absorbed mass flow, pressure and temperature 
level. The thermo dynamical approach for determination the efficiency was implemented in simulation model.  
 
3. Simulation results 
The efficiency of the pneumatic system is determined as a relation between output and input energy. With the 
focus on the energy flow within a pneumatic system, mechanical energy transformed into pneumatic energy at the 
compressor represents an input energy. In case of thermodynamic system, the output energy can be derived as an 
exergy. Exergy is the maximum available technical work that can be received from the compressed air energy and 
transformed into mechanical energy of the moving mass. For the purpose of determination of energy efficiency of 
the pneumatic system, exergy method has been chosen as a base for the simulation model. The comparison of 
different methods for determination the energy behaviour of pneumatic drives is given in paper [2]. 
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3.1 Exergy method 
The incoming energy of the thermodynamic system is described via enthalpy value that depends only on 
temperature rate. In case of isothermal system behaviour under assumption of the ideal gas, enthalpy remains 
constant. However, enthalpy describes the quantity of the energy but do not reveal comprehensive picture of 
compressed air quality. In this case losses of available energy of the system have to be determined. The exergy 
implies all forms of energy transformations related to pressure drops, finite temperature difference and friction 
between air and walls as well as a leakage mass flow.   
The exergy is the maximum available technical work that can be received via the transition from the current state 
of the system to the ambient state. Exergy is determined as the difference between the enthalpy and the entropy 
which represents the losses of available energy. The Figure 4 shows an exergy model of pneumatic system which is 
based on 3 component types: pipe, resistor and actuator, which are differ through the loss description. Exergy flows 
can be determined at certain observation points (2) as well as between two observation points (3).  
 
 
Fig 4: Exergy model of pneumatic system 
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The exergy analysis includes all properties of compressed air, consequently, the equation includes all forms of 
losses of available energy.  
The simulation program requires a dynamic model of each component that represents both the steady-state and 
the dynamic behaviour of the system.  
 
3.1.1 Exergy at pneumatic pipes 
The connection of components of pneumatic handling system is realized by flexible tubes with different diameter 
and length. The pipe model has two ports, for the input and output and based on concentrated parameters. The 
normal state is specified in terms of pressure and temperature. Hence, the result of volume rate is determined with 
that certain condition. The flow velocity is determined from a dynamic state. 
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Since, the calculation of exergy flow implies all forms of energy losses; pressure drops and heat transfer have to 
be included in a model as well as a leakage mass flow. Similarly to hydraulic losses, pressure drops in pneumatic 
tubes occur due to friction between air and walls and local losses at bends and are described by following equations: 
2
2fr pipe
l vp
d
[ U'       (4) 
2
2bend bend
vp [ U'      (5) 
 
The sum of these two values provides a data with energy losses due to pressure drops. Temperature decrease is 
another factor which affects energy efficiency. During the flow process in a pipe, the temperature of air is cooled 
down to the ambient temperature. In order to determine this temperature difference the coefficient of heat transfer α 
between air and wall as well as between wall and ambient air are calculated with Nussel equations. Derivation of 
these equations is too long, that is why it will be not given in this paper. Therefore, the data of heat transfer value as 
well as the temperature difference is obtained from the following equation (6). 
 
1 0
2 0
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( )p
T TS
c m T T
D                                                 (6)  
Using equations for determination the energy losses, it was possible to identify the exergy decrease between two 
ports.  
 
Fig 5: Exergy model of pneumatic pipe 
 
Figure 5 shows the simulation result of exergy loss between input and output ports of the pipe with diameter 
8 mm and length 100 mm. The simulation result shows that the pressure drop of 0,3 bar and temperature difference 
of 30 °C leads to the 0,4 kW of energy loss. According to the gas law 1, the heat transfer leads to the raise of energy 
consumption and to decrease of air density, which consequently causes the raise of pressure drops. As a result, the 
heat transfer has to be considered at the pipe exergy model.  
 
3.1.2 Exergy at pneumatic resistors 
 
Components which fulfill a function of pressure regulator such as valve and throttles are determined as 
pneumatic resistors. Similar to the pipe model, they have an input and output ports and describe the dependency of 
the flow quantity on the pneumatic state quantity, such as pressure, temperature and air properties. The flow 
description is based on critical conductance and critical pressure ratio. A consequence of the abstention the heat 
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transfer, the energy losses at pneumatic resistance are considered only due to pressure drops and leakage mass flow. 
The pressure drop is obtained from the pneumatic ports and determined according to the ratio of a nominal flow. In 
this case the exergy calculation is based only on pressure level and mass flow. Figure 6 shows the simulation result 
of determination the exergy changes at pneumatic resistors. 
 
Fig 6: Exergy model of pneumatic resistors 
 
3.1.3 Exergy of cylinder drive 
 
Typically, the objective of pneumatic drive is to move for a certain distance in a specific time period. The 
incoming energy of the pneumatic drive is required for the kinetic energy of the loading mass and for the energy to 
overcome the friction. To choose the correct dynamic and geometric parameters of the pneumatic drive and validate 
them concerning to the required characteristics of the system, the analysis of the available energy has to be 
performed. In this case the exergy analysis was implemented to the simulation model by the example of the double 
acted piston pneumatic cylinder. In order to compare the pneumatic and kinetic energy, the exergy value has to be 
observed at point 5.   
According to the experimental data of filling the air reservoir, the exergy is obtained under assumption of the 
polytropic system behavior. The pressure and temperature changes are determined from the 1st law of 
thermodynamics for the process of filling volumes.  
 
 
4 5 6 5 5 6 .5 6( ) th dm dQ d m u dWo o o     . (7) 
 
Equation (7) describes the distribution of the input energy (݄Ͷ݉Ͷ) within the system. A change in this energy 
results in a change of the internal energy (u), the technical work (Wt) in the cylinder chamber and in a heat transfer 
(Q) through the cylinder walls [5]. Rearranging this equation enables the determination of the pressure changes 
within the process of the moving piston. 
 
5 5 5 6( )
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        (8) 
 
Where the heat transfer through the cylinder wall is determined concerning the heat transfer coefficient, cylinder 
area and the temperature ratio in the cylinder chamber and ambient conditions. 
 
5 6dQ S dTDo     (9)  
 
Using the equation (3) the exergy model of the cylinder drive with the piston diameter 32 mm and stroke 100 mm 
was implemented. The required characteristics of the handling task are 11 kg of the loading mass and constant 
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acceleration of the piston rod of 0,08 m/s. Figure 7 provides the preliminary simulation analysis of the available 
pneumatic energy and the required kinetic energy. Pressure, temperature and exergy level are obtained from the 
piston chamber A and the rod chamber B. Within the filing process of the cylinder chamber A under polytropic 
system behaviour, temperature and pressure rise. Therefore, the change of exergy is determined under temperature 
and pressure level according to absorbed mass flow. Consequently, the exergy of cylinder chamber transforms to the 
kinetic energy of moving mass.    
As can be seen from the presented graphic, the provided exergy at the observation point 5 is in several times 
greater than the required kinetic energy. However, assuming the frictional loses, the energy of the pneumatic drive is 
too high according to the handling task. Considering this, the parameters of the pneumatic system are over 
dimensioned and should be validated according to the handling task.  
 
Fig 7: Exergy model of cylinder drive 
 
4. Conclusion 
 
In the field of industrial automation there are many pneumatic handling systems in use. They represent the robust 
and flexible design, but show the low energy efficiency. Typically, the pneumatic systems are over dimensioned 
concerning the required data. That leads to high energy consumption and as a consequence to high energy costs. 
Therefore, the preliminary simulation analysis of the energy efficiency has to be done. 
This paper outlines the implementation of the energy analysis in the simulation model on the base of the exergy 
calculation. The exergy analysis implies all forms of energy losses i.e. pressure drops, heat transfer and leakages and 
represents a complex calculation of energy efficiency concerning the system behaviour under the polytropic 
condition according to the experimental data.  
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In order to implement the simulation model, pneumatic system has been divided in three component types, pipe, 
resistor and actuator. The analysis of the efficiency of the pipe and resistors is carried out by the calculation of 
exergy changes between in and output ports. Hence, the optimization of the energy efficiency of components can be 
done through the validation of the tube length, decrease the heat transfer and reduction of working pressure. In case 
of pneumatic cylinder, the dimensioning of the drive has to be done according to the handling task. 
In further research, the use of the presented simulation exergy model of each component could be used for the 
consequence energy efficiency analysis of the whole system. Therefore, the validation of the different system 
parameters of the energy efficiency of the drive can be discussed and tested at the simulation model.  
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